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In this study, eucalyptus camaldulensis bark, a forest solid waste, is proposed as a novel material for the
removal of mercury(Il) from aqueous phase. The operating variables studied were sorbent dosage, ionic
strength, stirring speed, temperature, solution pH, contact time, and initial metal concentration. Sorption
experiments indicated that the sorption capacity was dependent on operating variables and the process
was strongly pH-dependent. Kinetic measurements showed that the process was uniform and rapid. In
order to investigate the mechanism of sorption, kinetic data were modeled using the pseudo-first-order

gzlr’[‘;‘;‘i’:is" and pseudo-second-order kinetic equations, and intraparticle diffusion model. Among the kinetic models
Mercury studied, the pseudo-second-order equation was the best applicable model to describe the sorption process.
Eucalyptus bark Equilibrium isotherm data were analyzed using the Langmuir and the Freundlich isotherms. The Langmuir
Batch study model yields a much better fit than the Freundlich model. Isotherms have also been used to obtain the

thermodynamic parameters such as free energy, enthalpy, and entropy of sorption. The maximum sorption
capacity was 33.11 mgg~' at 20 °C and the negative value of free energy change indicated the spontaneous
nature of sorption. These results demonstrate that eucalyptus bark is very effective in the removal of Hg(II)

Thermodynamic parameters

from aqueous solutions.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals are recognized as dangerous contaminants
because of their high toxicity, accumulation, and retention in
human body. Mercury, which is a remarkably toxic and non-
biodegradable metal, can be generated by several sources, resulting
in contamination of atmospheric and aquatic systems. The illness,
which came to be known as Minamata disease, was caused by
mercury poisoning as a result of eating contaminated fish [1].
Mercury has very high tendency for binding to proteins and it
mainly affects the renal and nervous systems [2]. In humans, the
initial symptoms include numbness of the lips and limbs. As the
sickness progresses, permanent damage is done to the central
nervous system, and the victim experiences visual constriction,
loss of motor coordination, and, in the final stages prior to death,
loss of memory, speech, hearing, and taste. In addition, mercury
is easily absorbed through skin, respiratory, and gastrointestinal
tissues. The European Union considers mercury as a priority and
hazardous pollutant and defines a maximum permissible concen-
tration of total mercury as low as 1 gL~ for drinking water and
5ugL-1 for wastewater discharge [3,4]. Consequently, removal of
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mercury ions in water and wastewater is necessary and very impor-
tant.

Several methods can be applied to remove mercury from aque-
ous solutions such as precipitation, electrolysis, ion exchange,
adsorption, cementation, liquid membranes, and liquid-liquid
extraction [5,6]. Adsorption has been shown to be the most promis-
ing technique for the removal of mercury from aqueous streams.
However, the cost of adsorbents to be used is the most important
restricted factor in view of applicability of adsorption process. Since
commercially activated carbons are expensive, the search for alter-
native sorbents from cheaper and readily available materials that
may be useful to reduce the pollutant content to the levels estab-
lished by the legislation is a very attractive option. A number of
agricultural waste and by-products have been studied in the liter-
ature for their capacity to remove mercury from aqueous solutions
[7-11].

All mature eucalypts put on an annual layer of bark, which con-
tributes to the increasing diameter of the stems. In some species
the outermost layer dies and is annually deciduous either in long
strips or in variably sized flakes. Due to the high number of euca-
lyptus trees in Algeria, massive amounts of barks (as waste) are
disposed. Eucalyptus bark may be used as a potential sorbent for
the removal of pollutants from aqueous phase. We used eucalyptus
bark as a sorbent for the removing of Cd(II) ions [12] from aque-
ous solutions. It is observed that eucalyptus bark is an efficient
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Nomenclature

b Langmuir constant related to the free energy of
sorption (Lmg~1)

bm Langmuir constant related to the free energy of
sorption (Lmol-1)

c the intercept in the intraprticle diffusion model
(mgg~T1)

Ce the equilibrium concentration of the solute in the
bulk solution (mgL-1)

Co the initial concentration of the solute in the bulk
solution (mgL-1)

hy initial sorption rate for the pseudo-first-order model
(mgg~!'min-1)

hy initial sorption rate for the pseudo-second-order
model (mgg~! min—1)

Kid the intraparticle diffusion rate constant
(mgg~! min~172)

Kg Freundlich constant indicative of the relative sorp-
tion capacity of the sorbent (mg!~(1/mM L1/n g—1)

Kq Lagergren pseudo-first order rate constant (min—1)

K> the pseudo-second order rate constant
(gmg~! min~T)

m sorbent mass (g)

n Freundlich constant indicative of the intensity of the
sorption

q the amount of solute sorbed at any time t (mgg~!)

Qe the amount of solute sorbed per unit weight of sor-
bent at equilibrium (mgg-1)

qm the maximum sorption capacity (mgg=1)

R? coefficient of determination

Rg universal gas constant (Jmol-1 K1)

Ry dimensionless separation factor of Hall

t time (min)

T temperature (K)

Vv solution volume (L)

AG° Gibb’s free energy change (k] mol~1)

AH° enthalpy change (k] mol~1)

AS° entropy change (Jmol~! K1)

sorbent for the removal of these metal ions. Eucalyptus bark
has also been successfully used for the removal of chromium
anions from industrial waste and a sorption capacity of 45mgg-!
was found [13]. Eucalyptus barks were used for the adsorp-
tion of Cu(ll), Cr(Ill), Cd(Il), and Ni(Il) [14] from aqueous
phase. The adsorption capacities were 2.61, 0.71, 2.24, and
0.75mmolg~! for Cu(ll), Cr(Ill), Cd(Il), and Ni(Il), respectively.
However, no work has been reported in the literature on
the removal of mercury from aqueous media by eucalyptus
bark.

The objectives of this study were to evaluate the sorption of
mercury(Il) ions by eucalyptus camaldulensis bark in batch pro-
cess. The effect of operating conditions such as sorbent dosage,
ionic strength, stirring speed, temperature, solution pH, contact
time, and initial Hg(Il) ion concentration were investigated on
the sorption efficiency of mercury(ll) ions. The sorption equilib-
rium data were analyzed using Langmuir and Freundlich models.
In addition, thermodynamic parameters were determined for
the sorption of mercury(ll) ions to explain the process feasibil-
ity. In order to gain insight into the dynamics of the process,
the mechanism controlling the sorption rate was also stud-
ied.

2. Materials and methods
2.1. Chemicals

Mercury solutions of desired concentration have been pre-
pared by dissolving the appropriate amount of its chloride (HgCl,,
Sigma-Aldrich) in distilled water. All chemicals used in this study
were of analytical grade.

2.2. Sorbent

The preparation of eucalyptus camaldulensis bark used as sor-
bent has been described in our previous study [12].

2.3. Equilibrium studies

Sorption experiments were carried out by adding a fixed amount
of eucalyptus bark (2g) into a number of 1L sealed glass flasks
containing a definite volume (500 mL in each case) of different ini-
tial concentrations (25-300mgL-1) of mercury solution without
changing pH. The flasks were placed in a thermostatic water bath in
order to maintain a constant temperature (20, 30 or 40 °C) and stir-
ring was provided at 400 rpm for 60 min to ensure equilibrium was
reached. Samples of solutions were filtered through filter paper, and
then the filtrates were analyzed for the remaining mercury concen-
tration with atomic absorption spectrometry (PerkinElmer A310).
The experiments were performed at pH 5, which resulted from
dissolution of mercury chloride in distilled water without further
adjustment. The amount of sorption at equilibrium, ge (mgg=1),
was calculated by:

(CO —Ce )V
where Cy and Ce (mgL-') are the initial and equilibrium liquid-
phase concentrations of metal, respectively. V (L) is the volume of
the solution and m (g) is the mass of the dry sorbent used.

All experiments were conducted in triplicate and the mean val-
ues were reported. The maximum standard deviation obtained for
triplicate measurements of the sorbed amount was +2%.

2.4. Kinetic studies

The initial concentration of mercury solution was 100mgL~!
for all experiments, except for those carried out to examine the
effect of the initial concentration of mercury. For mercury removal
kinetic experiments, the batch method was used because of its sim-
plicity: 2 g of sorbent was contacted with 500 mL of metal solution
in a sealed flask of 1L agitated vigorously by a mechanic stirrer
using a water bath maintained at a constant temperature. The stir-
ring speed was kept constant at 400 rpm, except for experiments
carried out to investigate the effect of stirring speed. At predeter-
mined intervals of time, samples of the mixture was withdrawn
at suitable time intervals, filtered through a paper filter, and ana-
lyzed by atomic absorption spectrometry (PerkinElmer A310) for
the concentration of mercury.

The experiments were performed at the pH that resulted from
solving the metal in water (around 5) without further adjustment,
except for those conducted to examine the effect of solution pH.

To study the effect of solution pH on mercury sorption, 2 g of
eucalyptus bark was agitated with 500 mL of mercury solution of
metal concentration 100 mg L~ at 20 °C. The experiment was con-
ducted at different pH values ranging from 2 to 10. The solution pH
was adjusted using 0.IN H,SO4 or NaOH aqueous solutions. Agi-
tation was provided for 60 min contact time which is sufficient to
reach equilibrium with a constant agitation speed of 400 rpm.
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Fig. 1. Effect of sorbent dosage on the sorption of mercury by eucalyptus
bark (conditions: metal concentration=100mgL~"; contact time =60 min; stirring
speed =400 rpm; T=20°C; pH 5).

The influence of ionic strength on the sorption of mercury by
eucalyptus bark was studied with a constant initial concentration
of 100mgL-1, sorbent mass of 2g, solution volume of 500 mL,
and temperature of 20°C. The ionic strength of the mercury solu-
tion was modified using different dosages of Na;SO4 (0.5-20g
(500 mL)~1).

In all the experiments in which the effect of stirring speed
was studied, the initial mercury concentration, sorbent mass,
and solution temperature were 100mgL-!, 2 g, and 20°C, respec-
tively. The stirring speed was varied from 0 (without stirring) to
1200 rpm.

Each run of the experiments was replicated at least two times
and the mean values were reported. The maximum standard devi-
ation obtained for duplicate or triplicate measurements of the
sorbed amount was +2%.

3. Results and discussion
3.1. Effect of operating conditions

The influence of several operating conditions such as sorbent
dosage, ionic strength, stirring speed, temperature, and solution
pH on the sorption capacity was investigated.

3.1.1. Effect of sorbent dosage

The sorption of mercury by eucalyptus bark sorbent was stud-
ied by changing the quantity of sorbent in the test solution while
maintaining the initial metal ions concentration (100 mgL~1), tem-
perature (20°C), stirring speed (400 rpm), contact time (60 min),
and pH (pH 5) constant. The effect of sorbent dosage on the amount
of mercury sorbed at equilibrium is shown in Fig. 1. The amount
of metal sorbed at equilibrium decreases from 40.12 to 4.39 mgg~!
with an increase of sorbent dosage between 0.5 and 8 g (500 mL)~!.
The increase in sorbent dose at constant metal concentration and
volume will lead to unsaturation of sorption sites through the sorp-
tion process. At higher eucalyptus bark to metal concentration
ratios, there is a superficial sorption onto the sorbent surface that
produces a lower metal concentration in the solution than when the
sorbent to metal concentration ratio is lower. This is because a fixed
mass of eucalyptus bark can only sorb a certain amount of mercury.
Therefore, the higher the sorbent dosage is, the larger is the vol-
ume of effluent that a fixed mass of eucalyptus bark can purify. The
decrease in the amount of mercury sorbed with increasing sorbent
dosage is due to the split in the flux or the concentration gradient
between mercury concentrations in the solution and on the sorbent
surface. Additionally, this decrease may be attributed to overlap-
ping or aggregation of sorption sites resulting in decrease in total
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Fig. 2. Effect of salt (Na;SO4) concentration on the sorption of mercury by euca-
lyptus bark (conditions: metal concentration=100mgL-'; sorbent dosage=2g
(500 mL)~!; contact time = 60 min; stirring speed =400 rpm; T=20°C; pH 5).

sorbent surface area available to metal ions and an increase in diffu-
sion path length. On the other hand, an increase in the eucalyptus
bark dosage from 0.5 to 8g (500mL)~! increases the percentage
of metal removal from aqueous solution from 39.8 to 69.9%. This
may be attributed to increased sorbent surface area and availabil-
ity of more sorption sites resulting from the increased dose of the
sorbent.

3.1.2. Effect of ionic strength

A series of experiments were carried out using various concen-
trations of salt (Na,SO4). The results reported in Fig. 2 indicated that
the amount sorbed at equilibrium decreased by increasing the salt
concentration and reached a constant value after 5g (500mL)!.
This behavior could be attributed to the competitive effect between
mercury ions and cations from the salt (Na*) for the sites available
for the sorption process. Additionally, salt screens the electro-
static interaction between sorbent and sorbate and the great ionic
strength influences on the activity coefficient of mercury, which
should decrease the sorbed amount with increase of salt concen-
tration.

3.1.3. Effect of stirring speed

Fig. 3 shows the sorption of mercury by eucalyptus bark
sorbent at different stirring speed, ranging from 0 (without stir-
ring) to 1200 rpm using a contact time of 60 min. The sorption
capacity obtained without stirring is 7.52mgg~!. The amount of
metal per unit mass of sorbent at equilibrium increased from
8.36 to 14.21 mgg-! with increasing stirring speed from 150 to

0 200 400 600 800 1000 1200 1400
Stirring speed (rpm)
Fig. 3. Effect of stirring speed on the sorption of mercury by eucalyptus bark (con-

ditions: metal concentration=100mgL~"; sorbent dosage =2 g (500 mL)~!; contact
time=60min; T=20°C; pH 5).
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Fig. 4. Effect of temperature on the sorption of mercury by eucalyptus bark (con-
ditions: metal concentration=100mgL'; sorbent dosage=2g (500 mL)~!; contact
time =60 min; stirring speed =400 rpm; pH 5).

400rpm. This can be explained by the fact that increasing stir-
ring speed reduced the film boundary layer surrounding particles,
thus increasing the external film transfer coefficient, and hence the
sorption capacity. The change in sorption capacity was insignifi-
cant compared to the dissipated energy when the stirring speed
increased from 400 to 1200 rpm.

3.14. Effect of temperature

Fig. 4 shows the amount of mercury sorbed at equilibrium versus
the temperature. It was found that the sorption capacity increased
with the increase in temperature, indicating the endothermic
nature of the process. The enhancement in the sorption capacity
might be due to the interaction between sorbate ions and sorbent,
creation of some new sorption sites or the increased rate of intra-
particle diffusion of mercury ions into the pores of the sorbent at
higher temperatures. The amount of mercury sorbed at equilib-
rium increased from 14.21 to 18.39mgg~! with the increasing of
temperature from 20 to 40 °C, respectively.

3.1.5. Effect of pH

The effect of solution pH on the amount of mercury sorbed was
studied by varying the initial pH under constant process param-
eters at equilibrium conditions. From Fig. 5, it was observed that
the sorption was strongly pH-dependent. The maximum sorption
capacity takes place at pH 8 and beyond this pH sorbent attains the
same maximum value. The equilibrium sorption capacity was mini-
mum at pH2(5.01 mgg~!)andincreased up topH 6 (16.04mgg-1),
reached maximum (20.06 mgg~1) over the pH 8-10. The variation
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Fig. 5. Effect of pH on the sorption of mercury by eucalyptus bark (conditions: metal
concentration=100mgL-'; sorbent dosage =2 g (500 mL)~!; contact time = 60 min;
stirring speed =400 rpm; T=20°C).
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Fig. 6. Dynamics of mercury uptake by eucalyptus for various initial metal con-
centrations (conditions: sorbent dosage=2g (500 mL)~'; stirring speed =400 rpm;
T=20°C; pH5).

in the removal of mercury by eucalyptus bark with respect to pH
can be elucidated by considering the surface charge of the sorbent
materials and the speciation of mercury(II). At low pH values (2-4),
the number of negatively charged surface sites decreased and the
number of positively charged sites increased, which did not favor
the sorption of positively charged metal ions (Hg* and Hg(OH)*)
due to electrostatic repulsion. Additionally, lower sorption of mer-
cury at acidic pH is due to the presence of excess H* ions competing
with metal ions for the sorption sites. The increase in Hg(Il) sorp-
tion in the pH range 2-6 is due, in addition to the less competition
from protons to reaction sites, to an increase in concentration of
Hg(OH)* species, and to the fact that the solution pH influences the
sorbent surface charge. The PZC of eucalyptus bark is 5.32. The sur-
face charge of the eucalyptus bark is positive at pH <5.32, is neutral
at pH 5.32, and is negative at pH>5.32. At high pH values (6-10),
greater than 5.32, eucalyptus bark becomes negatively charged and
the Hg(Il) species are still present mainly as Hg(OH)* and Hg(OH),
at pH 6 and as Hg(OH), at pH 8-10. The increase in Hg(Il) uptake
for very high pH values (8-10) is due to the retention of Hg(OH),,
the dominant species of Hg(II) at these pHs, by the sorbent.

3.1.6. Effect of contact time and initial concentration

The sorption data for the uptake of mercury versus contact time
at different initial concentrations ranging from 25 to 200 mgL~!
are presented in Fig. 6. It can be observed that the sorption capacity
increased with time and, at some point in time, reached a constant
value where no more metal was removed from the solution. At this
point, the amount of mercury being sorbed by the sorbent was in a
state of dynamic equilibrium with the amount of mercury desorbed
from the sorbent. The contact time needed for mercury solutions
with initial concentrations of 25 and 50 mgL~! to reach equilib-
rium was 10 min. For mercury solution with initial concentrations
of 100 and 200 mgL~1, equilibrium time of 20 and 30 min, respec-
tively, was required. This is due to the fact that sorption sites took
up the available metal ions more quickly at low concentration, but
metal needed to diffuse to the inner sites of the sorbent for high
concentration. The kinetic results also showed that the sorption
process was uniform with time and can be considered very fast.
Additionally, the curves of contact time are single, smooth, and con-
tinuous leading to equilibrium. These curves indicate the possible
monolayer coverage of metal on the surface of eucalyptus bark.

From Fig. 6, it was observed that the mercury removal var-
ied with varying initial metal concentration. It was noticed that
an increase in initial metal concentration leads to an increase in
the sorption capacity of mercury by eucalyptus bark. Equilibrium
uptake increased with the increase of initial metal concentration
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at the range of experimental concentration. This is a result of
the increase in the driving force the concentration gradient, as
an increase in the initial mercury concentrations. The removal
of mercury sorbed after equilibrium was 3.76, 7.52, 14.21, and
21.73 mg g1, respectively, at aninitial concentrations of 25, 50, 100,
200mgL-1. The initial rate of sorption was greater for higher initial
mercury concentration, because the resistance to the metal uptake
decreased as the mass transfer driving force increased. It is also
noticed that an increase in the initial mercury concentration leads
to a decrease in the metal removal. This effect can be explained as
follows: at low metal/sorbent ratios, there are a number of sorp-
tion sites in eucalyptus bark structure. As the metal/sorbent ratio
increases, sorption sites are saturated, resulting in decreases in the
sorption efficiency.

3.2. Sorption kinetics

In order to investigate the kinetics of mercury sorption by euca-
lyptus bark, the Lagergren pseudo-first-order model [15] and the
Ho’s linear form [16,17] of the pseudo-second-order model, devel-
oped by Blanchard [18], were used.

A simple kinetic analysis of sorption can be performed with a

pseudo-first-order equation as suggested by Lagergren [15]
4 kige-a) @)
where K; (min—1) is the rate constant of the pseudo-first-order
sorption, ge (mgg-1) is the amount of mercury sorbed on the
sorbent surface at equilibrium, and q (mgg~') is the amount of
mercury sorbed at any time t (min).Eq. (2) above can be integrated
to the following form by applying the boundary conditions g=0 at
t=0

In(ge — q) = Inge — Kyt (3)
This rate expression is known as the Lagergren pseudo-first-order
equation.

Since g=0 at t=0, the initial rate of sorption can be calculated
from Eq. (4) as follows

h] =K1qe (4)

The values of K; and ge can be determined by the slope of lin-
ear plots of In(qe—q) versus t (Fig. 7). The parameters of the
pseudo-first-order model are summarized in Table 1. The val-
ues of determination coefficient for the plots were in the range
0.9481-0.9863. However, although the coefficient of determina-
tion value is reasonably high, the calculated sorption capacity
values obtained from this kinetic model do not give reasonable val-
ues compared with experimental sorption capacity. This finding
suggested that the sorption process does not follow the pseudo-
first-order sorption rate expression of Lagergren.

An expression of the pseudo-second-order rate based on the
solid capacity has been presented by Blanchard [18]

d
& =Ka(4e - 0" (5)
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Fig. 7. Lagergren plots for mercury sorption by eucalyptus bark at different ini-
tial metal concentrations (conditions: sorbent dosage=2g (500mL)~'; stirring
speed =400rpm; T=20°C; pH 5).
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Fig. 8. Pseudo-second-order kinetics of mercury sorption by eucalyptus bark at
different initial metal concentrations (conditions: sorbent dosage=2g (500 mL)~';
stirring speed =400 rpm; T=20°C; pH 5).

where K; is the pseudo-second-order rate constant (gmg~! min—1),
ge is the amount of metal sorbed at equilibrium (mgg=1), and q is
the amount of metal ions on the surface of the sorbent at any time
t(mgg1).

Integrating Eq. (5), considering thatg=0 when t=0and thatg=q
when t=t, results in the expression [16,17].

t 1 1

-t .1 6
4 K@ Qe (6)

The initial sorption rate h (mgg~! min~1) is given by the following
equation

By plotting t/q versus t (Fig. 8), ge and K, can be determined from
slope and intercept. As mentioned above, the curve fitting plots of
In(qe—q) versus t does not show good results, while the plots of
t/q versus t give a straight line for all the initial metal concentra-
tions studied as showed in Fig. 8, confirming the applicability of

Comparison of the pseudo-first-order (K;) and pseudo-second-order (K,) parameters for the sorption of mercury at various initial concentrations (conditions: sorbent

dosage=4gL!; stirring speed =400 rpm; T=20°C; pH 5)

Co(mgL™')  geexp (mgg1) Pseudo-first-order model Pseudo-second-order model
Ky (min™')  Gecac (mgg™')  hy (mgg'min!) R? K (gmg'min™')  gecac (mgg™')  hy(mgg'min') R
25 3.76 24.08 x 102 4.85 1.17 0.9863 31.51 x 102 3.84 1.21 0.9991
50 7.52 19.76 x 102 241 0.48 0.9481 16.88 x 102 7.66 1.29 0.9994
100 14.21 10.56 x 102 8.49 0.90 0.9497 2.88 x 102 14.95 0.43 0.9981
200 21.73 8.39x 102 15.53 1.30 0.9739 1.41 x 1072 21.55 0.30 0.9979
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Fig. 9. Evolution of K; and K5 versus initial mercury concentration.

the pseudo-second-order equation. The parameters of the pseudo-
second-order sorption kinetic model are tabulated in Table 1.
The determination coefficient values of the pseudo-second-order
model exceeded 0.99 and the calculated sorption capacity values
determined from pseudo-second-order model were more consis-
tent with the experimental values of sorption capacity. Therefore,
the pseudo-second-order model better represented the sorption
kinetics and thus supports the assumption behind the model. This
suggests that the overall rate of the mercury sorption process
appeared to be controlled by chemical process.

In order to differentiate the kinetic constants obtained for the
two models, the obtained K; and K5 values were plotted against
the initial metal concentration (Fig. 9). It was observed that the
values of rate constants decrease with increasing the initial con-
centration of mercury from 25 to 200 mg L~!. A larger rate constant
implies that it will take shorter time for the sorption system to
reach the same fractional uptake. Therefore, the trend that K; and
K, decrease with increasing Cy in the range 25-200mgL-! only
reveals the fact that it is faster for a sorption system with a lower
initial concentration to reach a specific fractional uptake. Addition-
ally, it was noticed that there was no linear relationship between
the rate constants and initial metal concentration. This reflects the
different mathematical forms of Eqs. (3) and (6).

3.3. Sorption equilibrium

In order to optimize the design of a sorption system to remove
metal ions from solutions, it is important to establish the most
appropriate correlation for the equilibrium curve. Experimental
data were fitted to the well-known and widely applied isotherm
models of Langmuir and Freundlich. The linear equations are given
below:

. Ce 1 1
Langmuir: — = —Ce + — 8
& Je qm ¢ mb (8)

Freundlich : Inge = InKg + % InCe 9)

where Ce (mgL-') and ge (mgg™!) are the liquid phase concen-
tration and solid phase concentration of sorbate at equilibrium,
respectively; b (Lmg~1) is the Langmuir isotherm constant; qm
(mgg~1) is the maximum sorption capacity of Langmuir; K is the
Freundlich constant (mg!~(1/") L1/n g=1) and n is the heterogeneity
factor.

The sorption data obtained at 20, 30, and 40 °C were analyzed
according to the linear form of the Langmuir isotherm (Eq. (8)).
The plots of Ce/qe versus Ce give a straight line of slope 1/qm and
intercept 1/bgm (Fig. 10a). The Langmuir constants are reported
in Table 2. The isotherm was found to be linear over the entire
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Fig. 10. Sorption isotherms for mercury by eucalyptus bark at 20, 30, and 40°C: (a)
Langmuir isotherm and (b) Freundlich isotherm (conditions: sorbent dosage =2g
(500mL)~'; agitation speed =400 rpm; pH 5).

concentration range studied and for the three temperatures with
a good linear regression coefficient, showing that data correctly
fit the Langmuir relation. The monolayer saturation capacity, gm,
was found to be 33.11, 33.22, and 34.60mgg~! at 20, 30, and 40°C,
respectively. The fact that Langmuir isotherm fits the experimental
data very well confirms the monolayer coverage of metal ions onto
particles and also the homogenous distribution of active sites on
the material, since the Langmuir equation assumes that the surface
is homogenous.

Examination of the linear Freundlich isotherm plots (Fig. 10b)
suggested that the Langmuir model yielded a much better fit than
the Freundlich model. Table 2 shows the Freundlich constants and
the regression coefficients. The values of the regression coefficient
were much lower than the Langmuir isotherm values. The values
of Freundlich exponent n in the range 1-10 indicate the favorable
sorption. However, based on the regression coefficient values, the
linear form of the Langmuir isotherm appears to produce a reason-
able model.

The essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separation factor
Ry that is given by Eq. (10) [19].
1
1 + bCO

Table 2
Parameters of the Langmuir and Freundlich isotherm models

RL (10)

Freundlich
KF (mgl—(l/n) Ll/n g—l) n RZ

T(°C) Langmuir

dm (mgg') b(Lmg') R?

x 103
20 33.11 13.86 0.9907 1.06 1.59 0.9517
30 33.22 23.17 0.9900 1.84 1.82 0.9429
40 34.60 34.32 0.9898 2.59 2.01 0.8483
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Fig. 11. Separation factor for the uptake of mercury by eucalyptus bark at 20, 30,
and 40°C.

where b is the Langmuir constant and Cy is the initial concentration
of the sorbate in solution.

The values of Ry indicate the type of isotherm to be irreversible
(RL=0), favorable (0 <R <1), linear (R_ =1) or unfavorable (R >1).
The calculated Ry values versus initial mercury concentration were
represented in Fig. 11. From this figure, it was observed that sorption
was found to be more favorable at higher concentrations. Also the
value of R in the range of 0-1 at all initial metal concentrations
and the three studied temperatures confirms the favorable uptake
of mercury process.

In the sense of the sorption thermodynamics, change in free
energy (AG°) of the removal of mercury by eucalyptus bark can be
calculated in a way such that

AG® = —RgT Inby (11)

where T (K) is the absolute temperature, Rg (k] mol~1 K1) is the gas

constant, and by (Lmol~1) is the Langmuir equilibrium constant.
It is known that AG° is the function of change in enthalpy of

sorption (AH°) as well as change in standard entropy (AS°):

AG® = AH° —T AS° (12)
If Eq. (12) is inserted into Eq. (11), it becomes

AS°  AH°
Inby = R, ~ RT (13)

It appears from Eq. (13) that both AS° and AH° of sorption can
be determined from the plot of In by to 1/T (Fig. 12). The thermo-
dynamic parameters are shown in Table 3. The negative values of
AG° indicate that the mercury sorption process could occur sponta-
neously. AG° decreases with an increase in temperature, indicating
that sorption of mercury by eucalyptus bark is spontaneous and
spontaneity increases with an increase in temperature. The value

7.8
0.0031

0.0033 0.0034

UT (K™

0.0032 0.0035

Fig.12. Plotofln by versus 1/Tfor the determination of thermodynamic parameters.

Table 3

Thermodynamic parameters for the sorption of mercury by eucalyptus bark
T(°C) 20 30 40

AG® (kj mol-1) -19.32 -21.27 ~23.00
AH° (kjmol 1) 34.64

AS® (Jmol-1 K1) 184.22

of AH° was estimated as 34.64kJmol~! and 184.22]mol~! K~!
for ASe. Basically, the heat evolved during physical sorption is of
the same order of magnitude as the heat of condensation, i.e.,
2.1-20.9 k] mol~! [20], while the heat of chemisorption generally
falls into a range of 80-200 k] mol~! [21]. Therefore, it seems that
mercury sorption by eucalyptus bark would be attributed to a
physicochemical sorption process rather than a pure physical or
chemical sorption process. The positive value of AH° indicates
that mercury sorption is an endothermic process. The low value
of AS° may imply that no remarkable change in entropy occurred
during the sorption of mercury by the material. In addition, the
positive value of AS° reflects the increased randomness at the
solid-solution interface during sorption, and it also indicates an
affinity of the sorbent toward mercury. Normally, adsorption of
gases leads to a decrease in entropy due to orderly arrangement
of the gas molecules on a solid surface. However, the same may not
be true for the complicated system of sorption from solution onto
eucalyptus bark.

3.4. Sorption mechanism

Since neither the pseudo-first-order nor the pseudo-second-
order models can identify the diffusion mechanism, the kinetic
results were analyzed by the intraparticle diffusion model. Since
the particles are vigorously agitated during the sorption period, it
is assumed that the rate is not limited by mass transfer from the
bulk liquid to the particle external surface. The rate-limiting step
may be film or intraparticle diffusion. The Weber and Morris [22]
intraparticle diffusion model is expressed as:

q:l{idtl/2+c (14)

where q (mgg~!) is the amount of mercury sorbed at time t, c
(mgg~1) the intercept, and k;q (mgg~! min—1/2) is the intraparticle
diffusion rate constant.

Fig. 13 shows the amount of metal sorbed versus t!/2 for intra-
particle transport of mercury by eucalyptus bark at different initial
metal concentrations. The k;q values were obtained from the slope
of the linear portions of the curve of different initial concentra-
tions and shown in Table 4. The coefficient of regression values for

25
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20 + 4 100 mg/L
= 50 mg/L
< | + 25 mgiL .
o 15 9
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g’ 10
- r'y
o .
A
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Fig. 13. Intraparticle diffusion plot for the sorption at different initial mercury con-
centrations (conditions: sorbent dosage=2g (500 mL)~'; stirring speed =400 rpm;
T=20°C; pH5).
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Table 4
Intraparticle diffusion parameters for the sorption of mercury at various initial con-
centrations (sorbent dosage=4gL-!, T=20°C, pH 5).

Co (mgL™") kig (mgg~" min~'/2) c(mgg™) R?
25 093 0.78 0.9878
50 1.78 1.95 0.9550
100 225 4.03 0.9579
200 3.15 4.60 0.9817

this diffusion model were between 0.9550 and 0.9878, suggesting
that the sorption of mercury by eucalyptus bark can be followed
by an intraparticle diffusion model. It was found that the rate con-
stant increased with increasing metal concentration. It can be also
observed that the plots did not pass through the origin (the plots
have intercepts in the range 0.78-4.60 mgg~1); this is indicative
of some degree of boundary layer control and this further shows
that the intraparticle diffusion is not the only rate-limiting step,
but also other kinetic mechanisms may control the rate of sorption,
all of which may be operating simultaneously. The values of the
intercept also give an idea about the boundary layer thickness: the
larger the intercept, the greater is the boundary layer effect. Namely,
any increase in the value of c indicates the abundance of solute in
the boundary layer. As seen in Table 4, the value of c increases with
increasing concentration.

3.5. Sorbent characterization

Microscopy observations showed that the eucalyptus bark sur-
face is quite rough, providing a large exposed surface area for the
sorption of mercury ions (Fig. 14). Physicochemical characteristics
of eucalyptus bark are given in our previous paper [12].

Fig. 14. SEM micrographs of eucalyptus bark surface: (a) magnification 1000x, (b)
magnification 5000x.

4. Conclusions

The present work shows that eucalyptus bark can be used as a
sorbent for the removal of Hg(II) ions from aqueous media. Exper-
imental data indicated that the sorption capacity was dependent
on operating variables such as sorbent dosage, ionic strength, stir-
ring speed, temperature, solution pH, contact time, and initial metal
concentration. The process was strongly pH-dependent. Kinetic
measurements showed that the sorption process was uniform and
rapid. Modeling of sorption kinetics showed good agreement of
experimental data with the pseudo-second-order kinetic equa-
tion for different initial metal concentrations. The Langmuir model
yielded a much better fit than the Freundlich model. The maxi-
mum sorption capacity was determined to be 33.11, 33.22, and
34.60mgg~'at20,30,and 40 °C, respectively. The R; values showed
that eucalyptus bark was favorable for the sorption of mercury. The
negative values of free energy change and positive value of enthalpy
change indicated that the Hg(Il) sorption process is spontaneous
and endothermic.
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